Terahertz generation in magnetized plasma using two-color lasers is investigated. The interaction of two-color lasers and plasma is studied through the cold fluid equation where the equations are solved to the third order in the vector potentials. The radiation pattern of THz waves showing the angular distribution of radiation energy is obtained, and the effect of the laser intensity and wavelength, as well as plasma density and dc magnetic field, on the directionality of THz waves is examined. The study shows that the radiation pattern of THz waves is sensitively dependent upon laser and plasma parameters, where appropriate selection of these parameters leads to maximization or minimization in a specific direction.
I. INTRODUCTION
Terahertz radiation with applications in information and communication technology, biology, spectroscopy, imaging, and quality control of agricultural products can be generated by various methods. 1, 2 Optical processes, gyrotron-based sources, and solid-state electronic devices are utilized to generate terahertz radiation. 1 THz sources include free electron lasers, gyrotrons, photoactivated semiconductor switches, and activated plasmas radiating in the terahertz range. [3] [4] [5] Terahertz radiation from plasmas (by irradiation of single laser pulses in air) was first demonstrated by Hamster et al. 6 This method is developed by employing two-color lasers. Oh et al. investigated highpower THz generation by two-color laser filamentation where lasers were focused in air to create plasma via ionization. 7 You et al. studied the generation of terahertz waves in elongated two-color filamentation. 8 Nguyen et al. generated the THz field by techniques of chirping and delaying of two-color laser pulses. 9 The results of these studies indicate that the two-color laser approach provides more intense THz waves in comparison to other methods. 8, 9 Different physical mechanisms are proposed for the generation of THz waves in air plasmas irradiated by two-color lasers. Xie et al. interpreted it as a four-wave mixing process in plasma. 10 Kim et al. considered the non-zero drift velocity of ionized electrons as the reason for the generation of THz emission. 11 Nonlinear current density in the interaction of two lasers and plasma is the proposed mechanism of THz generation by Penano et al. when plasma is un-magnetized and lasers are linearly polarized. 12 In many experiments, plasmas are immersed in constant magnetic fields due to empirical reasons. The laser induced d.c. magnetic field (due to the irradiation of the high intensity laser beam in plasma) is another reason for the consideration of plasma as a magnetized medium. 13 The emission of terahertz waves in the interaction of multiple lasers and magnetized plasma is investigated in a number of studies. Malik et al. investigated the generation of THz waves driven by two X-mode spatially Gaussian lasers in magnetized plasma. 14 Varshney et al. studied terahertz emission in the interaction of two X-mode spatially triangular lasers and magnetized plasma. 15 The present article focuses on the generation of THz waves via the nonlinear coupling of two-color lasers in magnetized plasma where lasers are circularly polarized and the plasma is imbedded in a constant magnetic field where the propagation vector of lasers is parallel to the direction of the magnetic field. In the present study, the emission of THz waves through the interaction of two-color circularly polarized lasers and magnetized plasma is investigated for the first time.
The structure of the present article is as follows: In Sec. II, terahertz generation in magnetized plasma is considered in the context of the plasma fluid model. The properties of terahertz radiation are investigated in Sec. III. Section II (Sec. IV) is devoted to the analysis of the properties of THz emission and discussion of results. Conclusions are drawn in Sec. V.
II. THz GENERATION IN MAGNETIZED PLASMA
Consider two circularly polarized laser beams with frequencies x 0 and 2x 0 propagating in the z direction
where A 1 and A 2 are the amplitudes of vector potentials and k 1 and k 2 are the wave numbers of laser beams, respectively. These laser beams propagate in a magnetized plasma which is immersed in a constant magnetic fieldB 0 ¼ẑB 0 . The nonlinear coupling of laser beams leads to the generation of a current density that can radiate in the THz frequency range. The findings of Ref. 12 indicate that THz emission in plasma by the irradiation of two-color lasers is a nonlinear phenomenon. The process can be described by a cold-fluid model when equations are solved to the third order in the vector potentials. For the evaluation of current density corresponding to THz radiation in magnetized plasma, a perturbative method is used. The ponderomotive effects are also included in the weakly relativistic regimẽ
Here, n ð2Þ is the second-order electron density andṽ ð1Þ is the firstorder velocity of electrons. For the evaluation of current density, we start from the momentum equation
whereP ¼ cmṽ and c is the Lorentz factor andẼ L andB L are the total electric and magnetic fields of two-color lasers. The solution of Eq. (4) yields the quantityṽ
The continuity and Poisson equations along with Eq. (4) lead to the following equation for n ð2Þ :
whereã ¼ Àe mc 2Ã andÃ ¼Ã 1 þÃ 2 (the details of the derivation of Eq. (6) are presented in Appendix A 1). The application of the phasematching technique gives the explicit form of n
where
The combination of Eqs. (5) and (7) leads to the following equation for the current density of THz radiation due to ponderomotive and weakly relativistic effects:
which can be casted in the following form:
where H is the Heaviside function, L is the interaction length, and v g is the group velocity. The current density is assumed to be Gaussian due to the Gaussian profiles of two-color lasers.
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III. PROPERTIES OF THz RADIATION
The present section is devoted to the evaluation of the terahertz field and its angular characteristics. The electric field of THz waves can be realized through the solution of the wave equation
The explicit form of the electric field of radiation will be determined by the integration of the above equation
The analytic solution of the integral can be obtained by the application of the Fourier transform and the consideration of far field approximation; the details are discussed in Appendix A 2. The Fourier transform of E THz (Ẽ THz ) can be written as
where the spherical coordinates are considered for the expression of the electric field and G h; x ð Þis defined as The total energy radiated by terahertz waves can be expressed as
whereS andn are Poynting and surface normal vectors, respectively. The time integration yields
The comparison of Eqs. (15) and (16) provides the total energy per solid angle per frequency interval
Equation (17) indicates that the total energy of THz radiation is proportional to the square of J THz which is proportional to I 1 ffiffiffiffi I 2 p (I 1 and I 2 are the intensities of first and second harmonics of two-color lasers). This is consistent with the finding of Refs. 11 and 12.
IV. DISCUSSION
Recently, the generation of high peak power THz waves through the interaction of the laser and plasma has stirred much interest. The employment of two-color lasers leads to the emission of more intense THz waves. The present study is devoted to the analytical and numerical analyses of the generation of THz waves in the interaction of two-color lasers and magnetized plasma. This process is considered as a nonlinear coupling process where the equations of cold plasma fluid are solved by a perturbative method for the first time. The analysis leads to the derivation of the quantity (17)] which characterizes the angular and spectral dependence of radiation. This quantity is dependent upon the plasma and cyclotron frequency of electrons and laser intensity and its polarization. A literature survey shows that a limited number of articles have focused on the radiation pattern of THz waves generated in plasmas, and those studies are mostly restricted to THz generation by means of laser filamentation. 5, 16 In order to investigate the THz waves generated in the interaction of two-color lasers and magnetized plasma, in general, the quantity
@X@x is plotted for various laser and plasma parameters. These patterns are also helpful in the design of experiments for the maximization or minimization of radiation power in specific directions.
The effect of plasma frequency on the radiation pattern of THz waves is examined in Fig. 1 where a laser pulse with the k 0 ¼ 800 nm wavelength mixes with its frequency-doubled counterpart in a magnetized plasma. Six different plasma frequencies, 2.9, 6.45, 74.6, 74.7, 75.8, and 168 THz, were selected [ Figs. 1(a)-1(f) ]. The plots of Fig. 1 indicate that the radiation patterns of THz waves have different shapes where radiation power is concentrated in different directions. The concentration of radiation in the backward direction is evident in Figs.  1(c)-1(e) where the maximum radiation power is achieved for plasma frequencies of 74.6, 74.7, and 75.8 THz. On the other hand, the radiation pattern can be concentrated in the forward direction (for plasma frequencies of 2.9 and 6.45 THz in Figs. 1(a) and 1(b) , respectively). The magnitude of power in the forward direction is very small compared to the backward direction, indicating that the method of the interaction of two-color lasers and plasma is appropriate for the generation of THz waves in the backward direction. The symmetric distribution of power is also observed in Fig. 1(f) , where power is distributed in all directions. The inspection of plots of Fig. 1 indicates that the radiation pattern of THz waves generated in the interaction of two-color lasers is not generally symmetric, and it is possible to concentrate the radiation power in forward and backward directions through the appropriate selection of plasma density. Therefore, the direction of THz waves sensitively depends on plasma parameters. This is consistent with the numerical results of Ref. 12 on the interaction of two-color lasers and unmagnetized plasma. The inspection of plots of Fig. 1 along with the findings of Refs. 5 and 16 indicates that the interaction of twocolor lasers and magnetized plasmas is capable of producing THz waves in both backward and forward directions, while the filamentation method only generates forward emission.
In order to investigate the effect of the laser wavelength on the radiation pattern, the generation of THz waves by first and second harmonics of the Nd:YAG laser is considered. Figure 2 shows the angular distribution of THz radiation for different plasma frequencies of 2. The plots of Figs. 1-4 indicate that the change of plasma frequency of electrons changes the diagrams of the directivity of THz waves, while the change of laser intensity and cyclotron frequency amplifies or attenuates the radiation power without any deformation of patterns. Furthermore, a decrease in the laser wavelength and cyclotron frequency along with an increase in laser intensity will decrease the power of THz waves which shows the sensitivity of directivity to the parameters of the laser and plasmas.
V. CONCLUSION
The generation of THz waves in the interaction of two-color lasers and magnetized plasmas is investigated in the presence of a weakly relativistic regime and ponderomotive effects. The equations of cold-plasma fluid are solved by a perturbative method to the third order in the vector potentials. The electric field of THz waves is evaluated by the solution of the electromagnetic wave equation in far field approximation where the current density was derived through the equations of cold-plasmas. This analytic approach leads to the derivation of the quantity
@X@x which characterizes the frequency and angular dependence of radiation. The radiation pattern of THz waves was analyzed under different conditions such as the change in the frequency and intensity of lasers and the cyclotron frequency and density of electrons. The radiation pattern of different lasers (first and second harmonics of Nd:YAG along with the 800 nm-laser and its counterpart) in different plasma densities was analyzed, where the results indicated that radiation power is maximized in the backward direction for a specific range of plasma densities. An increase in laser intensity and a decrease in dc magnetic field lead to the enhancement of radiation power. The comparison of radiation patterns in different conditions Physics of Plasmas ARTICLE scitation.org/journal/php points to the appropriate conditions for the maximization of radiation power in arbitrary directions which is beneficial in the design of experimental setups.
